Objective: The purpose of this study was to evaluate the effect of tobacco use on the Eustachian tube and inner ear function. Study Design: Case-control study. Subjects and settings: Thirty-one nonsmoking volunteers and 34 smoking subjects recruited in an University Hospital, submitted to an audiological evaluation including pure tone audiometry, basal tympanogram, stapedial reflexes analysis, and nine-step eustachian tube (ET) function test. Results: Pure Tone Average (PTA) threshold at all frequencies tested was 12.5 dB in smokers and 3.7 in nonsmoking subjects. Nine smokers (27%) presented some degree of hearing loss versus none in the nonsmoker group. Linear regression analysis showed a higher degree of sensorineural hearing loss with age in smokers. Among the smokers, 20 subjects (59%) presented an impaired tubal function for the nine-step inflation/deflation tympanometric test, while only 6 (19%) subjects in the group of nonsmokers showed a tubal dysfunction. Conclusion: Tobacco use may reduce the ability to hear, mainly causing a sensorineural hearing loss for higher frequencies. We also found the presence of a high number of smokers suffering from tubal dysfunction. This has an important clinical relevance, not only because smoking increases the incidence of middle ear diseases, but also because tubal dysfunction may cause nonspecific symptoms characterised by ear fullness and difficulties in middle ear equalisation.
INTRODUCTION
According to the World Health Organization, smoking is the leading easily avoidable cause of death, responsible each year for the death of approximately 5 million people around the world due to cancer, cardiovascular disease, and respiratory disease 1 .
Smokers all over the world number approximately 650 million people, while in Italy, according to recent available data, the number of smokers is around 11 million people, equivalent to 21.7% of the Italian population over 14 years of age 1 . Despite the improvements in public health due to tobacco control policies, the harmful impact of tobacco smoke remains a major problem.
Focusing on the auditory system, smoking and passive smoke exposure may be associated with the onset of middle and inner ear pathologies, due to the harmful effects of smoke constituents such as carbon monoxide, tar, and nicotine 2 . However, even if the adverse effects of cigarette smoking on hearing loss have been demonstrated in previous population-based studies 3, 4 , other studies have not confirmed such an association 5, 6 . It has been postulated that passive smoking may be a risk factor for development of minimal hearing loss also in the paediatric population 7 .
Tobacco smoking seems to affect the inner ear through several mechanisms that can be categorized as direct or indirect. Toxic cigarette substances induce direct oxidative damage mediated by reactive oxygen species (ROS) and free radicals that are capable of damaging many cellular components such as DNA, protein and lipids 8 , leading to neurosensory hearing loss that affects especially higher frequencies. Indirect damage is mediated by the vasospastic effect caused by nicotine, by the acceleration of atherosclerosis in the vascular loops of the auditory system 9 and by the increased levels of carboxyhaemoglobin and increased blood viscosity. All these factors reduce oxygen perfusion in the organ of Corti 10 . Moreover, smoking can act as a risk factor for noise-induced hearing loss since smokers simultaneously exposed to noise in the workplace were affected by a higher degree of hearing loss than nonsmokers 4, 11, 12 .
With regard to harmful effects of smoking on middle ear, previous studies were conducted in the paediatric population, to investigate if otitis media, due to a eustachian tube dysfunction (ETD), was related to cigarette smoking. Even if a review of the literature conducted in 1995 did not find adequate evidence of the association of passive smoking and ETD 13 , more recent studies show that children who are exposed to second-hand smoke have an increased risk of developing chronic otitis media with effusion 14 . Tobacco-specific nitrosamines, a group of carcinogens produced by nicotine and tobacco-derived alkaloids, in fact, can determine squamous metaplasia of the tubal mucosa and depletion of its hair cells, delegated to the mucociliary function of the eustachian tube. The loss of mucociliary clearance mechanisms, allergic response of the mucosa to substances contained in the tobacco smoke, chemical irritation and overall immunosuppressive effects secondary to tobacco smoke exposure could lead to greater susceptibility to bacterial infections of the middle ear 15 .
Gaur found in a retrospective study that middle ear diseases were significantly more common in smokers 2 . Sharabi et al. showed that conductive hearing loss was more common than sensorineural hearing loss in current and past smokers 16 . Patel et al. found, in a large cohort of paediatric patients a mild association between passive smoking and ETD 15 . However, data on the effects of tobacco in the pathogenesis of diseases of the middle ear in the adult population are scarce, to date, and there exist no studies in the literature aimed at the analysis of its effect on the tubal function in its entirety.
The purpose of our study is to evaluate tubal function and hearing threshold in an adult population of smokers, in order to confirm the association of sensorineural hearing loss and to study the effect of tobacco on the eustachian tube.
MATERIAL AND METHODS
The sample was composed of 34 smokers, recruited from consecutively referred patients to our hospital-based tobacco clinic and 31 non-smoking volunteers recruited from the hospital staff and their relatives. The study protocol was approved by the Ethical Committee of Mauriziano Hospital, Torino. The study group was composed only of subjects who had smoked five or more cigarettes a day for over a year with a normal baseline tympanogram (peak compliance between +50 and -100 mm/H 2 O) and with a normal stapedial reflex. All subjects submitted to an ENT examination, were asked to complete a questionnaire about their medical history, smoking habits, risk factors for noise-induced hearing loss (chronic noise exposure during work/ leisure, use of firearms) and were asked if they were suffering from cold or sinus problem. Hypertension was identified if the participant reported that they had hypertension or currently took medication for high blood pressure. Subjects suffering from chronic middle ear pathologies, chronic rhinitis, hypercholesterolemia, diabetes, previous head trauma or occupational exposure to noise were excluded from the study. Also, subjects affected by acute upper way at the time of the test pathologies were excluded from the study. The mean age of subjects from the study group was 42.6 years (standard deviation (SD), 12.6 years; range, 25-65 years); 14(41%) were males and 20(59%) were females.
Thirty-one healthy subjects gave informed consent and were enrolled as controls, applying the same exclusion criteria of the study group. The mean age of subjects from the control group was 40.6 years (SD, 13.1 years; range 20-59); 15(48%) were males and 16(52%) were females. Differences in sex distribution and age between smokers and non-smokers were not significant RESULTS PTA at all frequencies tested (250-8000) was 12.5 dB (SD = 7.1) in smokers and 3.7 (SD = 2.8) in nonsmoking subjects; the difference was significant according to the Student's t test (p < 0.0001), as reported in Table  1 . Figure 1 reports the mean audiogram in smokers and in non-smokers; smokers presented higher threshold values.
Since hearing loss was always sensory-neural and limited to the higher frequencies, we have also evaluated mean PTA values at 3000, 4000, 6000, and 8000 Hz (HF hearing loss) and, according to literature, we have considered pathological threshold values more than 25 dB at the worse ear. Nine smokers (27%) presented some degree of hearing loss versus none in the non-smoker group (p = 0.006, chi squared equals 7.43 with 1 degrees of freedom).
In the smoker group, the amount of cigarettes smoked in lifetime, expressed as mean, was 20.41. Linear regression showed a positive relationship (R² = 0.062) between PTA and Pack-Year, as reported in the regression analysis showed in Figure 2 .
according to the chi square test and Student's t test (p > 0.05), respectively. For each smoker, the level of exposure to cigarettes was also calculated, expressed as "Pack Year" (number of packs of cigarettes smoked per day for years of exposure). All of the subjects, smokers and nonsmokers, were submitted to an audiological evaluation including pure tone audiometry, with data recorded for the hearing threshold, basal tympanogram, stapedial reflexes analysis, and nine-step eustachian tube function test. Hearing test was always carried out in a soundproof chamber at least 16 hours after the last significant noise exposure (attending nightclubs or live music events). The frequencies evaluated, for both ears, were 250, 500, 1000, 2000, 4000, 6000, and 8000 Hz.
The nine-step inflation/deflation tympanometric test developed by Bluestone 17 was carried out according to the following steps. The test begins with a baseline tympanogram to establish a reference value (first step); then the ear canal pressure was increased to +200 mm/ H 2 O so that the tympanic membrane moves toward middle ear. At this point patients were asked to swallow three times to equilibrate middle ear overpressure via the eustachian tube (second step). If the equilibration was successful, the second tympanogram documented the established middle ear underpressure (peak at a negative pressure -third step). After the audiologist normalizes the ear canal pressure subjects again swallowed three times to equilibrate negative middle ear pressure that was provoked during the first three steps. (Fourth step) Then, the tympanogram was repeated in order to measure middle pressure after re-equilibration (the peak returns toward 0 daPa-fifth step). The same procedure was performed with -200 mm/H 2 O ear canal pressure between (sixth to ninth steps); in this case, the expected pressure changes were towards positive values.
Failure to alter middle ear pressure at least 10 mm/H 2 O with swallowing during any of the third, fifth, seventh, or ninth steps was considered to be due to a eustachian tube dysfunction, whereas if the equilibration was successful in all steps, eustachian tube function was considered normal. We did not differentiated between poor eustachian function and no function at all.
All statistical analyses were conducted using the Graph Pad Prism 5 package (Graph Pad Software Inc., La Jolla, California, USA). Chi-square analysis was used to investigate qualitative variables (number of subjects with hearing loss on high frequencies and tubal dysfunction); T-test was performed to compare the average of the hearing deficit between the two groups concerned, whereas linear regression analysis was performed to assess how the hearing deficiency varies with increasing cigarette consumption, age and hypertension. Binary logistic regression analysis, taking PTA as dependent variable, and smoking habit and age as independent variables, was performed to determine the effect of smoking on hearing threshold variance. This study was conducted in accordance with the Declaration of Helsinki. Linear regression analysis showed a significant positive correlation between PTA and age in smokers, with a slope of the regression higher in smokers (R² =0.236) than in non-smokers (R² = 0.0106), showing a higher degree of inner ear suffering with age in smokers, as depicted in Figure 3 . Logistic regression including both Pack-Year and age as independent variables was significant (p = 0.015). Linear regression did not show significant association between hypertension and PTA (p = 0.06).
Among smokers, 20 subjects (59%) presented an impaired tubal function in the nine-step inflation/deflation tympanometric test, while only 6(19%) subjects in the group of nonsmokers showed a tubal dysfunction (Table  1) ; this difference is statistically significant for the chisquare test (p < 0.05). Eustachian tube dysfunction and high frequency hearing loss were not correlated.
DISCUSSION

Smoke and hearing loss
Previous studies reported that smoking is a risk factor for age-related hearing loss and that there is a dose-response relationship with the exposure to tobacco, even after adjusting for age and sex 3 .
The subjects included in our study were recruited from a hospital-based tobacco cessation centre, and this may have biased the results. People who seek medical help to quit tobacco may already suffer from cardiovascular disease related to smoking and moreover may be more exposed. However, the average packyears of smoking of our study was 20.41, which can be classified as moderate exposure.
Our result regarding inner ear suffering in smokers confirms the correlation between smoking and hearing loss. As expected, hearing loss is moderate and occurs principally at the higher frequencies, according to the usual aspect of sensorineural hearing loss; therefore, smoke acts at the inner ear as a normal pathogenic factor. The correlation between smoke and hearing loss is strongly supported by the correlation between hearing loss and number of cigarettes per day.
Moreover, we have observed a more important regression of hearing threshold with age in smokers. This pattern suggests that presbycusis could be aggravated by smoking and, therefore, the avoidance of tobacco use could reduce the effects of age on hearing in a worldwide population that is becoming progressively older.
Smoke and Eustachian Tube Function
Another new aspect evaluated in our study is the middle ear function in smokers who are not affected by a clinically manifested otitis media. Until now, data about the possible relationship between otitis media and smoking have been minimal and, above all, based on studies of children exposed to second hand smoke 14, 18 . Gaur investigated the presence of middle ear pathologies (chronic suppurative otitis media, acute otitis media, secretory otitis media, and otosclerosis) in a large sample of smokers and found low odds of middle ear diseases (overall odds, 1.13; CI, 0.97 -1.31) 2 . Our starting point was to determine if smokers could have lesser equalisation capability and thus are more prone to developing middle ear diseases or symptoms related to tubal dysfunction such as pressure sensations in the ear, fluctuating hearing loss, or ringing in the ears.
Various tests to measure ET function have been developed, including tympanometry, pneumatic otoscopy, sonotubometry, nine-step test and tubomanometry. However, none has been found to be completely reliable and in clinical practice usually the diagnosis of ETD relies on patient's history and clinical examination combined with tympanometry 19 .
The main problem in exploring eustachian tube is that test available explores its opening under artificial circumstances as a surrogate marker for ET function. In reality, this complex organ has a dynamic functioning and does not necessarily open with each swallowing. Moreover it has also been hypothesized that, similarly to nasal mucosa, fluctuations in mucosal congestion can cause significant changes in tube patency in as . This is the reason because in general Eustachian Tube Tests shows poor repeatability and may be influenced by short-term fluctuations 21 : even in normal ears, no test is reported to detect opening of the ET in 100% of repeated tests.
In order to carry out an analytical evaluation of the tubal function, we used the nine-step inflation/deflation test, which has the advantage that can be performed with a tympanometer, an instrument that can be found in every institution, and does not need adjunctive and expensive equipment. It is considered a reliable test, as detects ET opening in 81% of normal subjects 21 , and easy method for evaluating eustachian tube function; it is normally used to evaluate divers' middle ear equalisation problems since it is considered a valuable tool to predict middle ear barotrauma 22 .
Since this test must be applied with a normal tympanogram, in our study we have excluded from the sample subjects who had evidence of middle ear disorders or an altered basal tympanometry; therefore, we lack data about the prevalence of otitis media in smokers. In our sample, more than half of smokers showed an infraclinical tubal dysfunction without otitis media, a value significantly higher than in the nonsmoker population, suggesting that the toxic effects of smoking could also be present in the tubal mucosa. This suggests that smokers could be more prone to recurrent otitis media and barotrauma due to difficulties in pressure equalisation. The latter point is particularly significant for those who carry out professional or recreational diving. However, more investigations are needed to confirm that this tubal dysfunction could be considered a risk factor for middle ear pathologies.
Limitations
This study is subject to a number of limitations. Our population was small and we don't have data regarding other associated factors such as alcohol consumption, nutrition, overall health and physical fitness and so on for either subject group. Previous studies suggest that lifestyle factors may moderate the risk of hearing loss, even if alcohol consumption was associated with a protective effect 23 . We assessed the effect of smoking on hearing loss in in selected a population without occupational noise exposure and other risk factors (middle ear pathologies, chronic rhinitis, hypercholesterolemia, diabetes). It is therefore difficult make comparison with the general popuation. However, compared to the results of population-based studies 24 standard non-smokers had better hearing. Also selections of subjects in the study group may have biased the results. In fact the hospital-based tobacco center is a considerably closed community that attracts people with a strong knowledge of the harm of smoking and that can be more subject to atherosclerosis induced damage. Another limitation was that case patients and control subjects were not perfectly matched: age distribution was slightly different between the two groups. A larger epidemiological study based on non-biased cohort of smokers compared with a group of randomly selected participants should be done.
In addition, there are no descriptions of the amount of noise-exposure or other chemical exposure at work or during recreation that could have biased the results. Moreover we used only the nine step inflation and deflation test to evaluate eustachian tube function. Even if this test has shown to be more reliable than the simple tympanometry, shows a poor repeatability and therefore, other test such as tubomanometry or a subjective questionnaire such as the Eustachian Tube Score 25 should have been added to our diagnostic protocol. As shown in previous studies a combination of nine-step test and sonotubometry detected ET opening in 96% of healthy subjects 26 .
CONCLUSION
It seems quite clear from the report above that the harmful effects of cigarette smoking greatly affect the auditory apparatus, as well as promoting the onset of cancer, cardiovascular disease, and respiratory disease. Therefore, tobacco has the power to reduce the ability to hear, mainly causing a sensorineural hearing loss at higher frequencies.
For the first time, the correlation between exposure to cigarette smoking and the good function of the eustachian tube was also thoroughly analysed. In our study, we found the presence of a high number of smokers suffering from tubal dysfunction. This has important clinical relevance, not only because smoking increases the incidence of middle ear diseases, but also because tubal dysfunction may cause in these subjects nonspecific symptoms characterised by ear fullness, subjective loss of hearing, and difficulties in middle ear equalisation. Further studies are needed to confirm our findings and to assess whether there is a positive relation between smoking and symptoms related to tube dysfunction.
